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]UP&RIMNI4TAL INV•,•TGATION OF HIGH PUPOIKNOCE,
S&KwtT, T1UUST maU HTING E•ECO&lS

Tah-teh Yang, Francois Ntone, and Jiang Tong
Mechanical Engineering Lkpartmunt, Clemon University

Clemson, South Carolina

Results of an experimental investtgation con-erning the design and

testing of air-to-air thrust augmwnting ejectors utiliaing short

curved-va1l diffusers are presented. These ejectors were desigued

primarily aceording to the procedure established in an analytical research

nffort sponsored by DTISRDC from 1980-1981. Two of the three ejectors

tested have Identical mixing chambers. The mixing chamber inlet area to

the primary nozzle area rato x was 40. The overall ejector

length-to-aixing chamber diameter ratios (L/D)overal1 were 6.09 and 6.16;

diffuser area ratios (AR)diff were 1.33 and 1.46, respectively. The third

ejector had an (L/D)overallOf 6.02, a A of 20 and an (AR)diffof 1.26.

The best observed thrust augmentation ratio ý and the modified thrust

augmentation ratio *2 were 2.11 and 1.91 respectively for a sonic primary

jet. The wedified thrust augmentation ratio t2 accounts for the penalty of

suction in preventing flow separation in the diffuser. These levels of

thrust ratio were derived from velocity measurements at the ejector exit.

Independent thrust measurements obtained with strain gages on the ,mixing

chamber agree with tie force calculated from the momentum data. The

experimentally observed ejector performance data correlate well with the

predizted value4.
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INTRODUCTION
Backround

Th. use of a jet ejector for augmenting thrust offers a solution to

som critical problem areas in the design of vertical/short takeoff and

landing (V/STOL) propulsion system. The benefit of using ejectors,

however, is seriously offset by the complexities. The criteria for using

such a thrust system are: (1) The system must be short enough to sativfy

space and limitations, end (2) it must provide high thrust augmentation to

yield a substantial net gain in a praccical application.

In 1972 an exploratory experiment was conducted by Yang and 11-

NasheriC at Clemson University to examine the impact of a highly

effective, short diffuser on the flow entrainment of an ejector. Two

ejectors were used in that preliminary study. Ceometrically, the overall

length-to-diameter ratios (L/D)overalof the tested ejectors were 4.9 and

6.5, and both had a contraction at the nixing chamber exit (the diffuser

inlet). Steam was used as the primary flow; ambient air was the entrained

secondary flow. The necessary boundary layer control for the short

diffuser was arcomplished with a centrifvgal pump. 1o data were taken to

determinie the boundary layer suction flow rate and the power consumption of

the suction pump. The pressure readings and velocity traveraes, however,

provided enough Information to determine the mass ratios. The mass ratios

of these ejectors were several times higher than those of conventional

ejectors. Based on the conventional definition of ý, the thruat

augmentation ratio (not strictly applicable for these ejectors) was

calculated from the pressure and velocity measurements. A surprisingly

high maximum * value of 2.81 was obtained.

In 1973 a set of experiments was conducted at Clw~son by Tripathi 2

to repeat the experiments of Yang and El-Nasher.1 The ptrviously

obtained mass ratio data were confirmed. These ejector experiments,

however, did not go much beyond duplication of the 1972 experiments.

A reduction ia * value should be expected when air is used as the

primary flow instead of steam. A further reduction should be expected in a

properly defined thrust augmentation ratio to account for the •nrsy

required in boundary layer suction. Neverth~tess, the compactness of the

ejector and high expected values of the augmentation ratio present an

attractive design alternative.

*A complete listing of references is given on page 61.
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Recent Results

An analytical study was conducted in 1980 under a research contract

with DTNSRDC3 to establish%

I* A method to verify the observed ejector data reported in Reference

1, partIcularly the high ease ratio.

2. A design procedure for short effective ejectors by incorporating

the short, curved-wall diffusers with the ejector mixing chamber design

developed by Tai4 at DTNSRDC. In this analytical investigation, an

auxiliary ejector was used to provide the necessary boundary layer control

instead of a pump for suction; therefor.- a self contained, compact ejector

was modeled.

Based on the analytical results of Yang and Ntonse, 3 the masa ratios

derived from the 1972 experimental data are obtainable. Furthermore, an

air-to-air ejector with an (L/U)overalif less than 5, which provides an

effective augmentation ratio 02 above 2.0, appears feasible. The effective

augmentation ratio is defined in such a way that the inlet momentum of the

primary air used in the auxiliary ejector as well as the thrust

contribution of the auxiliary ejector are properly taken into account.

This level of thrust augmentation ratio can be reached provided

the mass ratio of the primary and auxiliary ejectors can be maintained

suitably high and the boundary layer suction flov requirement can be held

suitably low.

The overall length-to-diameter ratio of the ejector is determined in-

plicitly through use of the required mass flow ratio of the primary ejector

to mixing chamber flow. Use of a Griffich-type, short, curved-wall

diffuser, 5 coupled with the DTNSRP.C design program, offers a significant

improvement in (L/D)overall over that obtained with the conventional dif-

fuser. A reductiin in (L/D)overaiff 30 to 50 percent appears to be feasi-

ble.

ObJective
The purpose of the present work is to examine experimentally the

validity of the ejector design procedure proposed by Yang and Ntone 3 and

the values of thrust augmentation ratio of ejectors using short, curved-

wall diffusers with mixing chamber inlet area to primary nozzle area ratios

of 20 and 40.

3



WIJCTOR DRSIGH

An analytical procedure vat developed to predict the thrust maugmenta-

tion ratio of an ejector utilizing a short, curved-wall diffuser. 3 This

procedure enabled the pressure distribution to be *xamined along the solid

wall of the diffuser, thus allowing the design of a short, curved-wmll

diffuser with no flow separation. By this procedure, the predicted ejector

performance could be obatined.

Figure 1 shows the major steps in analyzing an axiaymnetrical ejector

with a short, curved-wall diffuser. The mixing chamber Is shaped like a

circalar pipe which my have a contraction toward the end of the mixing

chamber. To initiate the analysis, the area ratio of the primary nozzle to

the mixing chazber inlet and the ratio of the mixing chamber length to its

diameter (L/D) are specified. The diffuser length usually is restricted to

about one exit diameter of the diffuser. In additon, the static pressure

at the mixing chamber inlet and stagnation pressure of the primary air are

also specified. Both the entrained secondary flow from the stagnant

ambient and the primary flow within the nozzle are isentropic up to the

mixing chamber inlet. Specifying the static pressure at the mixing chamber

inlet, in fact, implies specifying the ratio of the secondary mass flow to

the primary mass flow. Starting from the inlet, heat and momentum

transfers were allowed between the primary flow and the entrained secondary
f low.

The first step in the analysis is to specify the mixing chamber

geometry by a selected dimensional value of C in the radius distribution

equation of Figure 1 along with other mixing chamber geometric parameters.
In step two, the DTNSRJDC ejector program4 is used to compute velocity and

temperature profiles and pressure values up to the exit of the mixing

chamber. Governing equations for the flow are of the boundary layer type;

therefore, pressure variations only exist along the flow directions and not
across the streamline.

In the third step, the mass-averaged flow velocity and temperature are

computed. In the fourth step, one-dimensional, compressible isentropic

flow is assumed in determining the necessary area ratio to yield the

diffuser exit pressure at the atmospheric level (or the ambient level).

For other computations in this step, inviscid incompressible axisymmetric

4



flow is assumed within the diffuser. As long as the flow along the solid
wall is maintained without deceleration, the inviscid flow approximation
can be justified. UJnder the framework of this approxination the vorticity

of the flow is assumed constant everywhere in the diffuser. The Clemson

Inverse Design Program6 is used to obtain the geometry of the short:,

curved-wa']. diffuser for a specified area ratio at a length approximately

equal to one exit diameter. This length specification is somewhat

arbitrary, yet experience suggests that it should not be difficult to

achieve.
Immediately after the determination of the diffuser geometry, a com-,

puter program is used in step 4 to examine the velocity distribution along

the diffuser wall. It is essential that there be no deceleration along the

solid diffuser wall. When necessary, the input for the Inverse Design

Program is revised to generate a new diffuser geometry. This process I

repeated until there is no deceleration along the diffuser wall. It is

sometimes necessary to revise the analysis from the very first step where

ý7" the mixing chamber inlet pressure is specified. An increase of the static

pressure at the inlet implies a reduction in mass ratio and, therefore, a

reduction in diffuser area ratio. Usually, this revision can eliminate the

problem of deceleration along the solid wall. For a configuration with no

deceleration, no flow separation will take place. It is recommended that

the velocity from the diffuser inlet to the suction slot be kept slightly

accelerated.

The fifth step is to estimate the amount of fluid to be removed for

boundary layer control. For this purpose, it is necessary to knowv the
boundary layer profile immediately upstream of the suction slot. It is

reasonable to assume that this profile is the same as that at the exit of

the mixing chamber. By using this profile, the critical velocity deter-

mined by Taylor'~s criterion can be calculated, and the rate of boundary

layer removal, can then be determined.

In ste:- 6, the modified thrust augmentation ratioO~ is computed. The

consideration of the mass flow of the primary fluid used in the auxiliary

ejectors which provide the necessary boundary layer control and the thrust

contribution from the discharge of the boundary layer removal are included

in the definition of A one-dimensional compressible flow analysis,

which assumes the mass ratios of the primary and auxiliary ejectors and

computes the mass averaged velocity at various parts of the ejector and the

momentum terms at the ejector exit, yields the thrust augmentation ratio

5



In step 3, the velocity across the mixinr r.aamber exit has been

computed, and in step 4 an inviscid shear flow with constant vorticity

within the diffuser has been approximated. Therefore, the velocity across

the diffuser exit can be readily determined. The last step, Step 7, is to

correct the 2 value by using the known velocity distribution across the

diffuser exit.

In the present study, an ejector was first fabricated based on the de-

sign using the approximation of constant vorticity in the diffuser for

"rotational flcv calculation." It was found that this ejector could not be

operated without flow separation. A refined analytical procedure which

requires no constant vorticity approximation was subsequently devised.

Results of the refined analysis indicate that the flow reversal within the

first ejector was inevitable regardless of the amount of flow removal for

boundary layer control. This flow rnversal phenomenon, "inviscid flow

reversal," is a consequence of the contiauity equation and the vorticity

equation requirements. The allowable area ratio of the diffuser without

flow reversal obtained using refined analytical procedures is much smaller

than that resulting from a constant vorticity analysis. An outline of the

"refined rotational flow calculation" is presented in Appendix A.

SCOPE OF EXPERIMENTAL INVESTIGATION

Three ejectors were designed, fabricated, and tested. The design pro-

cedure, 3 was refined to allow the vorticity to vary within the diffuser

instead of setting the term (w - V)u - 0, as was approximated in Reference

3. Ejector performance testing was carried out after the mixing chambers

and the auxiliary ejectors were improved. The exit vorticity at the mixing

chamber, or the inlet vorticity at the diffuser, was measured for each

ejector and compared with the analytical predictions. The ducting

arrangement of the auxiliary ejector and the nozzle size of the auxiliary

ejectors were optimized. A single-jet, converging nozzle having a diameter

of 0.448 in. was used as the primary jet for tests at five nozzle plenum

presbu-e levels with four or five boundary layer suction rates. An

eight-jet converging nozzle of the same area was used to repeat more than

one-half of the test runs of the single jet nozzle. These tests were

performed to determine experimentally:

6



1. Mass ratio MR of the entrained secondary flow to the primary

flow of the ejector.

2. Mass ratio (MR)anx of the auxiliary ejector.

3. Thrust of the mixing chaabe-

4. Momentum of the flow at the exits of the ejector and the aux-

iliary ejector.

5. (02) max as a function of the primary nozzle plenum chamber

pressure at various levels of boundary layer removal.

TEST MODELS, FACILITIES, AND MEASUREMENTS

Ejector Geometry

Figure 2 shows the geometry of the firsit ejector designed without the

benefit of the "refined rotational flow calculation" analysis. It has a X

value of 40, a mixing chamber (L/D) of 4.0, and a diffuser area ratio of

2.2. The modified thrust augmentation ratio 02 was projected to be 1.50.

This ejector did not operate satisfactorily. In particular, there was

difficulty in getting a reliable mass balance because of flow separation in

the diffuser.

Figure 3 shows an ejector which has a X value of 40, a mixing chamber

of 4.82 (L/D), and a diffuser area ratio of 1.33. The diffuser of this

ejector can be changed to an area ratio of 1.46 by changing the curved-wall

inserts to thus form a new ejector but with the same mixing chamber and X

value.

An ejector with a X value of 20, a mixing chamber length-to-diameter

ratio of 4.75, and a diffuser area ratio of 1.26 is shown as Figure 4.

Systematical tests were conducted to determine the effective thrust

augmentation ratio 0 for these three ejectors (diffuser area ratios 1.26,

1.33 and 1.46). Two types of primary nozzles, single-jet and multiple-jet,

were used. They are shown in Figures 5 and 6, respectively.

For auxiliary ejectors, a multiple-nozzle (16) annular auxiliary

ejector was used on the first ejector having a diffuser area ratio of 2.2;

see Figure 7. Although this design concept was discontinued because

initial experimental results were unfavorable, it continues to be an

attractive design for its compactness and is worthy of further study.

7



Figure 8 shows the auxiliary ejector used in the ejector performance

testing. The ejector is of a conventional design, and the primary nozzle

size was optimized for the operational conditions of the main ejectors.

Test Facility

Figure 9 is a schematic of the test setup. Figure 10 shows the

ejector performance test setup. The compressed air used as the primary

fluid for the ejector and for the auxiliary ejector was supplied by an

oil-less ESH Ingersoll-Rand compressor, which has a maximum capacity of 204

ACFH at 90 ps1g. The compressed air was cooled using an aftercooler and

then routed to a 3-ft-diameter 8-ft-high surge tank. From there the air

was delivered through a 2-in. pipeline to the laboratory. A gate valve was

used to control the air flow into the test loop. A Fisher model 95L (10-30

psig) or model 95H (25-75 psig) regulator was used to regulate the pressure

of the primary flow for the ejector nozzle. A Cox turbine flowmeter was

installed downstream of the pressure regulator, and an electrical

resistance heater (rated 5.6 kW and controlled by a voltage regulator) was

placed downstream of the flowmeter. A flexible metal hoae was used to

connect the heater and the converging nozzle plenum. In the ether branch

of the test loop, compressed air was supplied to a converging nozzle of the

auxiliary ejector. A Norgren model R-17-800 regulator was used upstream of

a Heriam laminar flow element. The latter was used to meter the primary

flow rate of the auxiliary ejector.

The primary nozzle and the mixing chamber of the test ejector were

mounted on an alignment device to ensure that the centerlines of the

primary nozzle and mixing chamber were exactly aligned. A set of eight

sliding ball bearings were used to allow the mixing chamber to move freely

in the axial direction. A force measuring device, utilizing a set of

strain gages, was mounted rigidly on the mixing chamber to provide a direct

measurement of the thrust force on the mixing chamber. The mixing chamber

and the diffuser were assembled together as one integral part which moves

freely relative to the alignment rig. The alignment rig was moutited firmly

on a stationary supporting stand. The curved wall diffuser insert

8



downstream of the auction slot could be adjusted relative to the upstroam

insert to vary the slot size or the gap between the inserts. Four suction

ports were provided, and a featherweight flexible hose was used to

construct the manifold which l. to the inlet of the auziliar/ ejector.

The primary jet, the mixing chamber, and the diffuser of the auxiliary

ejector were all firmly mounted to the stationary stand. The featherweight

flexible hose minimized errors in the thrust force measurement on the

mixing chamber of the ejector.

Instrumentation and Measurements

Instruments were used in the test for pressure, momentum, mass flow

rates, and force measurements at various locations of the loop. First the

ambient temperature and pressure were measured using a mercury thermometer

and a mercury well-type barometer, respectively. Temperature measurements

were made with iron-constant thermocouples, a multi-point selector model

"405A and a digital readout Trendicator, both by Omega Instrument Company.

The following were used fo provide pressure data: one 90-in. U-tube,

mercury manometer; one 10--tube, 60-in. mercury manometer bank; one 20-tube,

60-in. water manometer; one Edcliff model 4-500 differential pressure

transducer having a range of 0-1 psid; and one Validyne model D-7-D differ-

ential pressure transducer with carrier demodulator model CDIO for a range

of 0-10 psid along with a 48-channel scanning-valve device. The output of

the transducers was displayed on a digital voltmeter manufactured by

Nationwide Electronic Systems Inc. Concurrently, the output signal was fed

through a laboratory fabricated signal conditioner to a Western Union Data

Service Co. teletype which provided a hard copy for the pressure data and a

coded paper tape for subsequent computer data reduction. The mess flow

rates of the primary flow of the ejector were measured upstream of the con-

verging nozzle using a Cox turbine meter, model AN GL32, and a Hewlett-

Pacl.ard 5326B counter.

Mass flow rates at the nozzle were determined from local plenum

chamber pressure and temperature measurements. The mass flow rates of the

primary flow for the auxiliary ejector were reasured upstream by using a

Meriam laminar flow element and the plenum pressure and temperature

measurements. A United Sensor Kiel-probe and a miniature Kiel-probe of the

same make were used to determine the mass flow rates at the exits of the
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ejector and the auxiliary ejector, respectively. Each of the Kial-probes

was connected to a channel of the scanning valve. Each probe han a holder

tounted on a transverse bar with a custom made scale for each tested

ejector and auxiliary ejector for rapid 10-point traversing across the

exit.

The static pressure of the ejectors was also traversed by using a

United Sensor pitot-static probe. A similar probe holder and traversing

scale was provided for this also. These traverses provided both mass flow

rate and the momentum flures at the exits of the ejector and the auxiliary

ejector. Indirect measurements of entrained secondary was flow rates ware

obtained by traversing at the exit of the mixing chamber of the elector

during the components testing. During several test runs mass flow rates

were determined by two independent data sources for verification. In the

earlier part of the project, Micro-measurements type EA-13-124AC strain

gages were used as sensors and a SR-4 strain indicator type N manufactured

by Baldwin Lima Hamilton Company was used for readout of the thrust force

on the mixing chamber. Later, an indicator of higher resolution

(VISHAY/ELLIS-20) became available and was used for the X - 20 single-jet

test series. The thrust force measurement provided an independent data

source to check tene value of exit maoentum derived from the Kiel-probe

measurements.

TEST CONDITIONS AND PROCEDURE

Test Conditions

After such effort in the preliminary test runs, three ejectors (two

with X equal to 40 and diffuser area ratios of 1.46 and 1.33 and one with

Sequal to 20 and a diffuser area ratio of 1.26) were successfully operated

without flow separation in their diffuser sections. These ejectors were

systematically tested. Table I lists the test parameters and performance

characteristics for these ejectors. The plenum pressure of each ejector

was set at five levels (10, 17.4, 23.2, 29.0, and 35.5 psig, 10 psig being

the design value). The ambient static and also the stagnation pressure was

approximately 14.5 psia which resulted in pressure ratios of the stagnation

pressures of 1.67, 2.21, 2.61, 3.02, and 3.47. The plenum pressure of the

primary flow of the auxiliary ejector was selected at five levels (7.5, 10,

10
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12.5, 15, and 17.5 psig) for ejector primary flow plenum pressures of 10,

17.4, and 23.2 paig. The auxiliary plenum pressure was selected at four

levels (12.5, 15, 17.5, and 20 paig) at primary flow plenum pressures of

29.0 and 35.5 psig. The temperature of the primary air of the ejector was

elevated to 164'F by passing the air through a 6-in. pipe containing

suspended electrical heating elements. The heated air expanded through a

converging nozzle to reach a static temperature of about 80"F, or

approximately the static temperature of the entrained secondary fluid.

The gap between the two curved-vail sections of the diffuser was

adjusted to yield a maximum vacuum of the iirst mixing chamber static

pressure reading. Although no exact size was recorded, the gap was between

1/4 and 3/16 in. for all ejectors tested.

Test Procedures

Ejector component test rigs (Figures 11 and 12) were designed to

obtain flow velocity profiles at the mixing chamber exit and to obtain the

performance of the auxiliary ejector. These rigs were operated at a

simulated diffuser condition with no flow separation in the diffuser. In

the early stage of the project, the first ejector having X equal to 40

(using an approximated rotational flow analysis) had a diffuser area ratio

of 2.20. This area ratio was too large for the diffuser inlet vorticity,

and flow separation persisted in the diffuser. With the refined rotational

flow analysis, a new ejector was designed to have an area ratio of 1.64;

this area ratio was still too large. The computed vorticity obtained from

the DTNSRDC computer program used in the rotational flow analysis was lower

than the value derived from the measured velocity at low pressure ratios of

the stagnation pressures. Until the diffuser area ratio was reduced to

1.46, flow separation within the diffuser persisted. Considerable effort

was required to eliminate flow separation in the short, curved-wall

diffuser, and this was achieved largely on 4he ejector performance test

stand rather by component testing.

The mixing chamber length for a X of 40 was also reduced from 15.5 to

13.5 in. on the ejector performance test stand. The first mixing chamber

wall static pressure tap was used to monitor the flow rate of the entrained

secondary flow, and tufts attached at the diffuser exit were used as

indicators for flow attachment. In this length reduction process, no

11



secondary flow reduction was detected in the first one inch trimeing. A

reduction of 0.2 in water wee observed in the wall static pressure reading

"when the length was reduced to 13.5 in. No flow separation was LdIcated

by the tufts. This process wee carried out at a plenum pressure of 10 paig

for the primary flow of the ejector,

The preliminary test for the auxiliary ejector vent through several

design concepts. First, a 16-noassle annular ejector with only the mixing

chamber was tested. An annular diffuser was later added to the emit of the

"mixing chamber. Three sets of nozzle lengths were used to regulate the

"nouszle exit position relative to the entrained flow inlet. The annular

auxiliary ejector effort was conducted using an ejector diffuser with an

area ratio of 2.20. As satisfactory results were observed, an auxiliary

ejector with a cylindrical mixing chamber and a long conical diffuser was

used. The exit diameter of the converging nozsle of the cylindrical

auxiliary ejector was optimized to yield a ma~ximum mass ratio for the

Sejector operating at a primary plenum pressure Po of 10 ps:'g.

When the preliminary tests were completed, systematic test runs

comruenced. For each test run the plenum pressure levels for the primary

and auxiliary ejectors were adjusted to the preselected values via pressure

regulators and monitored by manometers. The plenum Lemperature of the

primary air of the main ejector was regulated to yield a preselected

temperature by adjusting the voltage regulator of the electrical heater. A

miniature Kiel-probe was used to traverse the auxiliary ejector exit. A

Kiel-probe and a static pressure probe ware used to traverse the wain

ejector exit. A 10-point method was used for traversing the entire

diameter yielding 20 stations for both stagnation and static pressure

readings. These pressure readings and the wall pressure readings of the

mixing chambers and the diffusers ware recorded either via pressure

transducer-scanning valve to teletype arrangement or pressure transducer-

scanning valve to an Apple computer for data reduction. Strain gage output

was read as a direct measurement of the force on the mixing chamber.

Normally, 30 to 40 minutes was required to complete one test run. Care was
exercised to ensure that the pressure levels of the primary flows, the

temperature of the heated air, and the strain gage output readings did not

"drift" during the test period. Therefore, these readings vere repeated at

the end of each test run. The method of data reduction is presented in

Appendix B.
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DISCUSSION OF RESULTS

The results of this experimental investigation are presented for"

(1) the maxima modified thrust augmentation ratio 42.. versus pri-

mary nozzle pressure ratio Po/Pamb; (2) a comparison between the

theoretically predicted an& the experimentally determined #2; (3) a compar-

ison between values of thrust force on sixing chamber determined from

direct force masuremnts and those determined from the integrated momentum

measurements at the diffuser exit; (4) a typical velocity distribution at

the exit of the mixing chamber, computed and measured; (5) a typical

velocity distribution at the diffuser exit, computed and measured; and (6)

typical wall pressure distributions for the sixing chamber and diffuser.

Thrust Augmentation Ratio versus Primary Nozzle Pressure Ratio

Figure 13 shows the loci of the maximums of $2 versus the primary

nozzle pressure ratio. The ummber shown in Figure 13 adjacent to the data

point refers to the run number listed in Table 1. This curve was derived

from a set of parametric performance curves in Pigure 14 for X- 40, AR -

1.33, (L/D) overal - 6.09 and a single jet converging primary nozale. The

first data point in Figure 13 is for 1.66 at a pressure ratio of 1.67,

which was th"_ pressure ratio used in the design of the test eJector. The

next maximum occurred at a higher value of ý2 when the pressure ratio was

increased to 2.21. The peak in* 2 reached 1.88 at the tested pressure ratio

of 2.61. Any further increase in pressure ratio resulted in a decrease of

The Parametric performance curves in Figure 14 show that at low

pressure ratioO 2 increased as the boundary layer suction was increased.

Initially, an increase in Po0 aux led to an increase of mass entrainment

Ss ,and an increase in mass flow rate 6e at the ejector exit. The value
of• is continued to increase with further increase in suction, but ie

decreased. For each primary nozzle plenum pressure Po, there is a

maximum value of momentum at the ejector exit. The change of suction

percentage values for peaks ofo at different pressure ratio Po/Pamb does
2

not exhibit a simple trend due to the definition of ,which reflects not

only the performance of the ejector but also that of the auxiliary ejector;

13



for example, at Po /Pab 1.67, (#2 ux occurred at 13-percent auction.

When Po/Pamb increased to 2.21, however, the ( *2)umx occurred at 7-percent

suction, and at P /Pamb - 2.61, ( 2 Lax occurred at 5.7-percent suction.

Further increase in pressure ratio@ to values of 3.02 and 3.47 resulted in

the shifting of peaks to 6 and 6.5-percent respectively.

Three of the five parametric curves shown in Figure 14 were repeated

with an eight-jet converging nozzle; otherwise the test conditions were un-

changed. This nozzle has a total exit area of 0.153 in 2 , while the

single-jet nozzle has an exit area of 0.146 in 2 . Although it was

intended to have two nossias with the sam exit area, fabrication diffi-

culties casued a slight difference. Figure 15 shows the loci of the peaks

of *2, and Figure 16 _hows the parametric performance curves. The curve in

Figure 15 is substantially lower than that in Figure 13. Ta14 has shown

potentially thac an annular nozzle would have a higher thrust augmentation

atio. The present Investigation did not demonstrate this potential. It

in believed that blockage of the center passage at the ejector inlet

should, in part, account for the deficiency.

Figure 17 shows the loci of (* max versus the pressure ratio Po/Pamb

for en ejector having ' = 40, AR - 1.46, (L/D)overali of 6.1%. and a single-

jet nozala. In fact, the aami mxing chamber was used in the ejector as
that presented la Figure 13. Curves shown in Figures 14 and 18 are

similar. The entrained mass flow isi' in general, is slightly higher for

the ejector with AR - 1.46 than ior the one with AR - 1.33. The peak

values .'L the exit selentum, however, were slightly lower for the% former

than the latter. The primary flows ioo the auxiliary ejector for both

diffusers were approximately the same; while the suction flow rates asuc

were tigher in the unit having AR - 1.33 than in the one with AR - 1.46

because a lower vacuum existed across the suction slot in the diffuser

having AR - 1.33. It is apparent that for the same ejector exit momentum,

a diffuser with the smallest area ratio should be used. For AR - 1.46, a

value of (ý2)max equal to 1.91 occurred at a Po/Pamb value of 2.6, The

design pressure ratio was 1.67. Figures 19 and 20 are results for an

ejector of AR = 1.46, (L/D)overall m 6.16 with an eight-jet primary nozzle.

SThe value of (2)max 1.64 occurred at Po/Pamb = 2.6.
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Figure 21 shove the 1o01 of 0 2 for each tested pressure ratio

PcP~ab Ifor an ejector of A - 20, AR 1.26, (L/D)oerea. - 6.02 and a
single-jet notsls. This mixing chamber crose-sectional area Is onehalf of

that of the mixing chamber of the two previously described ejectors. The

peak of Fiturt 21 is 1.40 versus a value of 1.91 fork a. 40. Over a broad

range of pressure ratios, this ejector mas able to maintain a value of

about 1.50. Figure 22 shove the parametric performance curves from which

Figure 21 was derived. Figures 23 and 24 are similar to figures 21 and 22,

except that and eight-jet mosalo was used instead of a single- jet nestle.

Ejector performance versus pressure ratios for ejectors with Al - 2.0

and A - 40 (Reference 3) wore computed with aseaued values of fraction of

suction, f.s., and mmiws ratio of the auxiliary ejector (MR)a. Using theaux
experimentally measured values of f.s., (MR) and vorticity w at the

diffuser inlet and the analytical procedure of rang and ll-Nasher, three

performance curves (one for each ejector tested) were obtained. Figure 25

shows these curves of predicted *2 versus pres&ure ratio PolPaIb. The die-

crete points are experimental data. In essence, this comparison reflects

the validity of the global analysis developed by Yang and Ntone 3 and the

refined rotational flow analysis developed during the present experimental

investigation. Good agreement is observed between the analytically cow-

puted and the experimentally observed *2 values over a major part of the

Po/Paub range.

Thrust Augmentation

The thrust of the type of ejectors studied in this investigation is

the integrated force at the ejector exit. As stated, the values of this

force were obtained using two approaches: (1) the difference between the

momentum at the ejector exit and the momentum at the primary nozzle exit

and (2) the direct force measurement using the strain gage arrangement (see

section on Instrumentation and Apparatus). Figures 26 through 31 show com-

parisons of the integrated forces determined from the two different

approaches for ejectors with AR - 1.26, AR - 1.33 and AR - 1.46. Again,

the number shown in the above figure adjacent to each data point refers to

the run number listed in Table 1. A majority of the data points fall on a

line of 45 deg., but are displaced up to 0.3 lb to give higher values of
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thrust derived from th. momentua usasuromnts It is believed that the

experlmntal apparatus was not totally free to move before the cantilever

arm of the mixing chamber cam into contact with the motion stop. There

appearse to be a small but systematical error In the strain "e force

measurements introduced by the prsen"e of the auction manifold of the

euxiliary elector% Allowing for this, the thrust determined from the two

approahces shows good corelation with most of the data to the low and

esdium tosted pressure ratios of P1 /Pamb" Greater deviations were observed

in the high pressure range for salti-Jet aosele test runS. This increased

deviation could be due to she static pressure across the mixing chamber

inlet not being constant as was assumed.

Velocity Diotributions

Figure 32 shows two typical normalized velocity distributions. The

distribution indicated by the solid lins was obtained using the DTNSRDC

computer program of Tat. 4 Experimentally measured wass ratio MR and

pressure ratio Po/raab were used as inputs for this computation. This mix-

Ing chamber exit is located 4.82 diameters downstream from its inlet. The

velocity dinxtribution shots 'by discrete points was obtained using a minia-

ture Kiel-probe and a static pressure probe. Basic features of a @hear

floe weri observed in both profiles. Because of the also of the probes, no
mesaurements were taken closer than 1/16 in. from the wall. The vorticity

values derived from the masured velocity are about 10 percent higher than
those derived from the computed distribution at Po/Pamb - 1.67. Good

agreement in vorticity values was observed at higher pressure ratios. Fif-

teen sets of velocity distribution were examined for this investigation.

In static pressure measurements the centerline pressure usually was 1.0 to

2.0 in. of water lower than that at the wall.
The velocity measurements at the exit of the mixing chamber provided

information for correcting vorticity w in computing diffuser exit velocity

for the rotational flow analysis. The velocity measurements also provided

an independent source from which the entrained flow rate 1sl was deter-

mined. Figures 33 and 34 provide similar information for ejectors having

AR values of 1.46 and 1.26, respectively.
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FilUre 35 shove a typical exit volo0ity distribution foa an ejector

having AR - 1.33. The solid line cur%% to the co0pated vel•tLoiy

distribution using the refined rotational flov waalysie; Set Appendix A.

The feature of shear f low is preserved 1I both the computed and the

experimentally measured velocity dieti1but•o.om Steady flow prevailed over

the entire test ranges of po and Post,01t

The velocity measurements at the diffuser %sIt provided key elements

of data for evaluation of thrust augntattcou tatio * sas flow rate

•, and man flow ratio MR. The M 1. dfiead as islpi, aid the entrained

masa flow rate ;.I was determined frov

Than,

Suc e,aux p

Independent checks on is, were •ods using the equation

•sl A aic " P

The values of it. as determined froe these two independent approaches

differed by no more than 4 percent; t0leref ore, the 14R values are considered

to be accurate within 4 percent.

Figure 36 shows the typical velocity distribution of the ejector having

AR - 1.46. In this figure, the measured v•elocity distribution shows a
slight asymetric nature of the flow. During the cost a certain degree of

unsteadiness was observed in a small region near ttfe left side of the

diffuser wall, Figure 37 shows the sivilar inforaption for the ejector

with AR - 1.26. Steady flow prevailed in this ejector over cost of the

operating ranges of Po and Po,aux, except vhen Po ieas around 30 psig. In

all three figures the measured peak veloc0ties fall. below the computed

values. During the test, unusual vealocity distribotious were observed both

aL the exit of the mixing chamber and at the eiti of the diffuser for the

ejector with AR - 1.26 and X - 20 when the primary nonsle plenum preasure

was set between a narrow range of 30 to 31 pesi. These profiles are

presented in Figures 38 and 39.
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Wall Pressure Distributions

Figure 40 shows the typical measured sad computed pressure distribu-

tions along the diffuser wall for an ejector having AR - 1.33. The com-

puted pressure distribution used the computer prograa of Ta14 for the

mixing chamber portion and the Bernoulli equation in conjunction with the

wall velocity from rotational flow analysis for the diffuser portion. The

wall pressure readings throughout the ejectors were below ambient pressure.

The static pressure at the end of the bell mouth was used as the normalin-

Lug factor. The computed pressure level within the mixing cheuber was

significantly lower than the measured level. Within the ,liftuser favorable

pressure gradients were prescribed initially to the solid wall portion

(upstream and downstream of the suction slot) of the diffuser designed with

the irrotational flow, inverse design program. The rotational flow compu-

tation also predicted favorable pressure gradients. Owing to the fact of

low diffuser area ratio, attached flows were maintained even though the

experimental data exhibited deceleration both upstream and downstream of

the suction slot.

Figures 41 and 42 show the wall pressure distributions for ejectors

with AR - 1.46 and 1.26, respectively. In spite of a seemingly over-

deceleration exhibited iumediately upstream of the suction slot of the

ejector with AR - 1.26, no apparent flow separation was observed. The

attached flow may be attributed to the low AR value. In Figures 40, 41,

and 42, the feature of sudden pressure rise across the suction slot was

also preserved in the measured pressure distribution.

CONCLUSIONS AND RECONMEND&TIONS

It is noteworthy that the peak values of the thrust augmentation

(02)max reached 1.91, 1.89 and 1.62 for 4 - 40, (L/D)overalI - 6.16

and 6.09 and for X = 20, (L/D)overali - 6.02, respectively. Higher values

of (0 and shorter overall length-to-diameter ratios are believed

to be possible with further improvement of the auxiliary ejector.

18



The computation and measurements of (0 ýa vesu P o echo

the three ejectors are in good agreement. The differences are attributed to

the analytical assumptions that (1) uniform and ambient static pressure

prevailed at the ejector iilet, (2) uniform static pressure existed at the

diffuser inlet1, and (3) the flow was inviscid in these diffusers. The error

introduced by the assumptions of uniform and ambient static pressure was

more pronounced when the ej ectors were operated at higher levels of

P/P'm ratios,* where the entrained vel'ocities were high. The deviations

between the measured thrust on the mixing chamber and that calculated from

the momentum considerations are larger at higher Po/P amb levels. Relaxing

these analytical assumptions would increase the cost of computation

considerably. The estimated maximum possible error in tite measured (O~2~ax

is +5 percent of the values presented. The predicted pressure distributions

along the diffuser wall deviated from the measured values, particularly near

the suction slot. Improvement in i.he rotational flow computation is

* needed.

* It is envisioned that ejectors of the type tested would have potential

application to flight controls such as yawing and rolling of V/STOL air-

craft. In this application, the overall length of the ejectors perhaps

should be furthe~r reduced.

During the project, it became apparent that a computer code for an

inverse solution of rotational flow to design the diffuser would be highly

desirable, particularly to further improve (4ý2)max*

The auxiliary ejector of the test model and the ducting used in this

investigation could be designed more compactly. The original concept of

using an annular auxiliary ejector was abandoned halfway through the project

beca±use of the unsuccessful operation of the diffuser with an area ratio of

2.2. It is highly probable that the annular auxiliary ejector could have

worked for a diffuser with an area ratio of 1.33 or 1.26.

4 Further recommendations are to:

I. Establish a computer code of inverse rotational flow for the

diffuser design to simplify the computational procedure and to

optimize the ejector momentum output.

2. Refine the auxiliary ejector design to further improve the per-

formance.
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Step I Prescribe C value of the
mixing chamber contraction

x2 10 x 3

r- 1 in,mixing chamber C tanh V5 2 J

Step 2 "DTNSRDC Program"
Computation up to

mixing chamber exit

Step 3 Average temperature and 1
Svelocity and pressure

at mixing chamber exit

Step 4 Compute diffuserd areads ratio AR.
Go to "Inverse Design Program"

and "Rotational Flow Calculations"

'tep 5 ICalculate critical velocity jcr
and suction flow rate

Step 6 Calculate thrust augmentation
ratio a2 using

"Global Analysis"

Step 7 Correct *2 for
non-uniform flow

Figure 1. Block-diagram showing the major steps in ejector analysis.
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Figure 2. Geometry of ejnctor with diffuser area ratio
of 2.2, -40, (L/D)avri 5.26 and 16 jets
for auxiliary eetr

primary

boundary layer
remwovl

Figure 3. Geometry of ejector with diffuser area ratio
of 1.33, X-40, (LID) overall - 6.09.

(Inserts were replaced to form diffuser area

7ratio of 1.46, ~\-40 and (L/D) ovrl 6.16.
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10ICO A

F1.gure bGe.ometry of'the ejector With diffuser area
ratio of 1.26, X -20, (LID) ovrl 6.02

-- Q431 in. dia.

Figure 5. Single-jet converging nozzle.
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T' ..... .*S.
7- 77~

Shh,5/3&in. dim

Figure 6. Eight-jet converging nosale.

primary flow for

auxiliary ejector,
K 16 jets

mixing chamber of
annular auxiliary
ejector

Figure 7. Sixteen-jet annular auxiliary ejector.

29



-1.840 In.
flow

40 C

dwO.156 In. for (AR)diff '1.33 and 1.46

dvO.140 In. for (AR)diff. it.26

Figure S. single-jet auziliary .joctor.
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Figure 11 * Front view of the mixing chamber test rig for
diffuser inlet velocity profile.

ouzdiory ejector

h _ ____

I

I Figure 12. Top view of the auxiliary ejector test rig
for optimizing nozzle diameter.
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Figure 25. Comparison of analytically and experimentally
determined 2 values at various Po/Pamb ratios.
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Figure 26. Comparison of measured and computed thrust on mixing

chamber, AR =1.26, X, 20, single-jet nozzle.
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Figure 27. Comparison of measured and computed thrust on mixing

chamber, AR = 1.26, A - 20, eightl-jet nozzle.
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Figure 28. Comparison of measured and computed thrust on mixing
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"0- 4,octe

2 5C

.27

3.0-

~0I3
22

0

U.

0

0 1.0 20 30 4.0 5.0 6.0

Calculated Thrust on Mixing Chamber From
Momentun m Dato (0- 1) (mv j Ibf

Figure 29. Comparison of measured and computed force on mixing
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Figure 30. Comparison of measured and computed thrust on mixing
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Figure 31. Comparison of measured and computed thrust on mixing
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Figure 40. Comparisont of mixing chamber and diffuser wall
pressure distributions, measured and computed AR-
1.33, X 40.
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Figure 41. Comparison of mixing chamber and diffuser wall
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1.46, A = 40.
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APPENDIX A

A REFINED ROTATIONAL FLOW ANALYSIS

In view of the experimental difficulties encountered during the testing

of an axisymmtric ejector designed (according to the theoretical considera-

tions of Reference 1) for a mass ratio MR 12 and with an inlet secondary to

primary area ratio x - 40, it became apparent that a modification of the dif-

fuser analysis to account for the change of vorticity along the streamlines

was necessary. In this analysis, 2 the governing equations of a rotational

flow of constant vorticity at the inlet of a diffuser are derived. An

auxiliary finite difference calculation is used to predict the flow behavior

at the diffuser exit. In addition, the theoretical basis for a computer

program analyzing a flow within a diffuser designed with potential flow theory

and receiving a rotational flow of constant vorticity, is outlined

Governing Equations

The flow under consideration is assumed to be incompressible and axially

symmetric. For the particular case of a Griffith diffuser designed with irro-

tational flow theory, it is further assumed that viscosity effects can be

neglected if deceleration can be avoided along the diffuser wall. Under these

circumstances, the governing equations for the fluid motion are:

1. Continuity:

For a cylindrical coordinate system in which x is the axial coordinate

and r is the radial coordinate, the continuity equation is

au au u
x r

where ux and ur are the axial and radial components of velocity, respec-

tively. Equation (1) leads to a stream function ý defined by

U - and U = - (2a,b)x r;r r r ax

2. Vorticity:

The vorticity vector w is defined by
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-• x u (3)

where t is the velocity vector. In the case of an axisymmetric nonswirl flow,

the tangential component of A is zero, and no derivatives are considered in

the tangential direction. Therefore, Equation (3) reduces to

au au
N " r X (4)

ax

Notice that the right side of Equation (4) is just the tangential component of
4.
W, and the vector notation can be dropped. Substitution of (2,a) and (2,b)

into (4) yields

ax2 r 2  r ar

Equation (5) is the equation of motion to be solved. At the diffuser

inlet w is constant and known (w - wi at inlet); it varies along a

streamline, and is therefore unknown in most parts of the diffuser. Figure Alshows a fluid element of area A contained in a meridian plane. That element
of area moves with the

W?

KI

Figure Al. Fluii element at two positions.

flow, and the circulation around it is w1AA1  . The circulation does not

change when AA2 reaches position 2, and therefore,

W 6A A W 2AA 2 (6 )
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For an incompressible, axisymmetric flow,

r AA = r2 (7)1 1 22
or

1" _ --- - constant (8)
r 1  r 2  r

Equation (8) gives the relationship between the vorticity at an inlet point

and values of vorticity at any downstream point on the same streamline.

Boundary Conditions

Solving Equation (5) requires knowledge of boundary conditions at the

inlet, the exit, along the centerline, and along the walls of the diffuser.

1. Inlet: The flow at the inlet is assumed to be parallel. Therefore,

Ur is zero and (2a) can be integrated to yield:

1 2 1 3
S= �~ u (x=O, r=0) " - - wiri (9)

2 3 (9)

where ux(x-O, r-0) is the centerline velocity at the inlet, and

ri is any radius at the inlet. oI is the inlet value of vorticity,

which is constant.

2. Centerline: An equation governing the changes in vorticity can be

written as:

Dw ur
D_ r
Dt r (10)

Symmetry considerations suggest that ur f 0 at the centerline.

Therefore, w is a constant along the centerline and equal to i.

Also, i Ls zero there.

3. Along the upstream wall: From Equation (9), 4 can be calculated at

each inlet location including the wall. Along the upstream wall

(upstream of stagnation point of the suction slot), 4 is constant and

equal to the inlet value. Also, w can be calculated as:

Wh..•= - - r (11)
r
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where rw,± is the inlet radius at the wall.

4. Along the downstream wallt: If the fract-ion of suction f.s. is

specified, then can be specified along the downstream wall as

*at a *w,i (1 - f.s.)

where lw i is obtained from (9). However, because the coordinates of

streamlines other than those of the diffuser walls are not known,

cannot be calculated in a straightforward manner. The following

sections show how these w1s can be found, and how boundary conditions

at the diffuser exit can be calculated.

Auxiliary Analysis to Calculate Exit Boundary Conditions:

With the knowledge of the inlet radius of the diffuser, its area ratio

AR, and f.s., it is possible to predict the flow conditions at the diffuser

exit, provided that the flow is parallel at the exit. The scheme in Figure A2

overcomes the difficulty resulting from the fact that the coordinates of the

streamlines are not all known, and that is not constant at the exit (which

makes Equations (8) and (11) inapplicable).

Figure A2. Exit boundary conditions.

Consider Figure A2, where selected streamlines along the diffuser are shown.

Subscript "st" denotes conditions on the streamline corresponding to the

stagnation point. From Equation (9), with -= s •st r can be
st,e st, st'i

calculated. Then wst,e is obtained as

W.

W r
•st,e- rt rst,e
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Now consider Equation (4) which for a parallel flow becomes:

au
Win- x

ar

or in difference form

Au -wAr
x (13)

If r is selected small enough, Equation (13) can be used to estimate

Ux,e (with an assumed uxw,e) as

u -U + w(r -r)
x,e x,w,e st e

Now, Equation (2a) can be written in difference form as

A* - r u Arx

which allows estimation of *e as

*e = *st,e - (rux)ave (rst,e -re) (14)

Equation (9), with * = Pe, can be used. to solve for ri, and we can be

calculated from
(A.

1W re r. e1

laking another step r at the exit, the above procedure is then repeated.

Equation (13) is used to calculate a new ux,e, and Equation (14) Is

used to calculate a new 'e, etc. The calculation ends when re 0 0. How-
ever, since ux~~ was an assumed value, the values of uxe we and ie

obtained at the end of' the calculation are not necessarily correct. They are

correct only for that particular value of ux,w,e, which yields 'e - 0 at the

centerline (re = 0). Therefore, an iterative procedure is necessary to

obtain that value.

Flow Reversal in Inviscid Flow

One of the objectives of this analysis has been to explain some experi-

mental observations suggesting the existence of a reverse flow in *he diffuser

near the wall when large values of vorticity are present at the diffuser in-

let. In Figure A3, the results from the auxiliary analysis are presented.

For an area ratio of 2.2 and an inlet nondimensional vorticity w = 0.72, the
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analysis predicts a reverse flow near the wall, even though the flow is

inviscid. The magnitude of the reverse flow increases as the suction rate

increases, which is an undesirable situation. Table Al gives u,e
obtained for various values of AR, wi and f.s. For the same area ratio the

value of the velocity at the wall decreases when wi or f.s. increases. Also

for the same and f.s., u 1 ,se* increases when AR

decreases.

Overall Diffuser Analysis

As mentioned earlier, the above scheme only suffices to determine * along

boundaries. But in order to solve Equation (5), it is necessary to know the

values of w in the entire diffuser. Since they are unknown, an Iterative

scheme was devised as follows:

1. Assume that is constant (w - w1 ) in the diffuser, except along the

boundaries where w is known.

2. Solve Equation (5) with the known boundary conditions on * (boundary

conditions at the slot exit are obtained the same way as those at the

diffuser exit).

3. Knowing ' at each point inside the diffuser, Equation 9 may be used

to calculate ri for each point (the inlet o ue of r corresponding

to the value of ' at that point). This ensures that the calculated

inlet point is on the same streamline as the interior point. The

vorticity at the interior point is then obtained by

W-r.

4. With the new values of w, go back to step 2, the procedure is

repeated until the difference between the old arnd new values of

becomes suitably small.
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Figure A3. Velocity distirubtions at diffuser exit for AR - 2.2,
w= 0.72 at auction fraction of 10 and 15 percent.
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Table Al . Reults from short analysis for rotational flow.

ARU w f.s. U

2.0 0.5 0.06 0.373

2.0 0.5 0.08 0.344

2.0 0.5 0.10 0.315

2.0 0.6 0.06 0.180

2.0 0.6 0.08 0.152

2.0 0.6 0.10 0.123

2.0 0.65 0.06 0.086

2.0 0.7 0.06 -0.006

2.2 0.5 0.06 0.221

2.2 0.5 0.08 0.194

2.2 0.5 0.10 0.167

2.2 0.525 0.06 0.171

2.2 0.525 0.08 0.145

2.2 0.55 0.06 0.124
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APPENDIX B

METHOD OF DATA REDUCTION

The primary information sought in this investigation is the modified

thrust augmentation ratio " This parameter is defined as:

n

(ini i e + i- ( i)e,aux
i: - i~

p p p p

where mi and vi are the mass flow rate and velocity at ith location.

The subscripts e and eaux stand for ejector exit and auxiliary ejector

exit. The terms A and A' are the primary mass flow rates of the

ejector and the auxiliary ejector, respectively. The velocities Vp and

Vp- are for the primary flows of the ejector ana the auxiliary ejector,

respectively.

a iThe thrust augmentation ratio 4 was calculated from the conventional defi-

nition as: n
S(livi)e

fa v
p p

The various parameters used in these equations were determined as follows:

1. The mass flow lip was determined from turbine flow meter

frequency, meter calibration constant and the density of air at

the measured static pressure and temperature.

The mass flow -p, was determined from the pressure differential

of the flow meter, meter calibration constant and the density of

air at the measured static pressure and temperature.

2. For vp, the Mach number of the flow at the exit of the

converging nozzle was calculated from the ratio of the measured

exit static pressure to plenum pressure (when this ratio is larger

than the ratio for Mach number of one). Then the sonic speed was
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determined from the static temperature of the air at the nozzle

exit derived from the measured plenum temperature for an teen-

tropic process. Finally, vp was calculated froe the Mach amber

and the speed of sound. When the pressure ratio is equal to or

smaller than the ratio for flow to reach sonic speed, Vp Vw

assumed to be the sonic speed. Similarly the v *was determined.

3. For evaluating the term
n

i-i

the ejector exit momentum and the exit mse* flux Os were deter-

mined from stagnation and static pressure measurements at 20 loca-

tions across the exit. From the ratio of the static to stagnation

pressure, the local Mach number was determined. The exit static

temperature was derived from the weighted stagnation temperatures

of the primary and the secondary flows of the ejector, from which

the local speed and density were determined. These 20 locations

representing 10 equal areas (one circle and nine rings) were

weighted equally to yield the total mass flux and momentum flux.

For evaluating the term

1!, 621v) de,auxi-I &l~

the auxiliary ejector exit momentum and the mass flow rate 1

were determined in a similar manner except that the exit static

pressure was assumed to be the ambient pressure, the total

temperature was room temperature for both primary, and secondary

flow, and 14 locations were used instead of 20 locations.

In addition to the above, other infocitattL, regarding the

operation of the ejector were computed. These are: the fraction

of suction f.s. used ta boundary layer control of the ejector

diffuser, the entrained secondary flow m for ejector and msuc for

the auxtliary ejector, the mass ratios MR and (MR) aux' the

tiortuatized static wall pressure distribution P(x)/IPlj, and the

thrust force on the mixing chamber.
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4. The mans flow rate of the entrained flow of the auxiliary ejec-

tors is is the fluid removed from the diffuser for boundary

layer control and was determined from the difference of A and

ik The (MR) was calculated from the formula
aux SaUX sue

(MIR) Uuax p-

5. The entrained secondary flow *91 was calculated using the

formula
, is e sue p

An alternative method was tsed for cross checking ;@I by

traversing the exit of the mixing chamber. In this alternative

method, is, was determined from the difference of the mass flow

rate within the mixing chamber ýc and the ejector primary

mass flow ratio mp or

s ml c p
The method of computing iA. is similar to that used for i4.

6. The MR, mass ratio of the ejector, was computed as:

MR =8

p
The auction fraction for boundary layer control was computed from

stlc
f.sa.- p+sl

7. The normalized wall static pressure distribution, P(x)/IPIi, was

used in preliminary testing to scrutinize the possible adverse

pressure gradient. The first pressure tap is located lamediately

downstream of the bell mouth inlet, and its gage pressure reading

was used as normalization factor.
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8. The normalized velocity distribution at the mixing chamber exit

was used to determine the vorticity at the diffuser inlet. Its

centerline velocity and the eadw of the diffuser at the inlet

we,,te used as normalisatioa factors for velocity and linear

• •distance.

9. The thrust force on the mixing chamber was obtained from a static

load calibration curve and the strain gage reading. A computer

thrust force F., based on exit momentum was determined from

the formula

F + (0-1) 1ipV
InC p p

or
• Fm (0-M)iv)l (Table 1)

[.-
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